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Abstract

Butyrate slows the growth of cancer cells
cultured in vitro. To determine the relevance of
the fermentative production of butyrate in
vivo, colonic butyrate concentrations were
manipulated by feeding different dietary fibres
and were related to tumour development in the
rat dimethylhydrazine model of large bowel
cancer. It has previously been shown that guar
gum and oat bran, while highly fermentable,
are associated with low butyrate levels in the
distal colon, while wheat bran causes signifi-
cantly higher concentrations. Diets containing
these fibres (nominally 10% w:w) were
administered for 3 weeks before, for 10 weeks
during, and for 20 weeks after dimethyl-
hydrazine administration, after which animals
were killed and examined for tumours. Signifi-
cantly fewer tumours were seen in the rats fed
wheat bran compared with those fed guar or
oat bran, and the total tumour mass was lowest
in rats fed wheat bran. Rats on a ‘no added fibre
diet’ had an intermediate tumour mass.
Regression analysis, performed regardless of
dietary group, showed that the concentration
in stools of butyrate but not of acetate or stool
volume, correlated significantly (and
negatively) with tumour mass. These findings
indicate that fibre which is associated with high
butyrate concentrations in the distal large
bowel is protective against large bowel cancer,
while soluble fibres that do not raise distal
butyrate concentrations, are not protective.
Thus, butyrate production in vivo does bear a
significant relationship to suppression of
tumour formation.

(Gut 1993; 34: 386-391)

Many epidemiological and experimental studies
have suggested that dietary fibre can protect
against the development of large bowel cancer.
The mechanisms by which fibres achieve this
protection remain speculative. However, it is
known that ingestion of fibre has a number of
effects on intestinal physiology and on the large
bowel luminal environment, any of which might
mediate the protective effect. Fibre increases the
intestinal transit rate'’ and bulk and so dilutes
constituents,’ modifies the intestinal microflora
and so might alter bile salt and carcinogen
metabolism,* adsorbs carcinogens and muta-
gens,’ modifies faecal bile salt excretion,® lowers
the colonic pH and increases colonic and faecal
short chain fatty acid (SCFA) concentrations.’
The relative importance of these effects is
uncertain. Because fibre is heterogeneous, it is
also probable that different types act by different
mechanisms.

One property which varies between fibres is

fermentability. Fibre is fermented by anaerobic
bacteria in the large bowel producing energy,
hydrogen, carbon dioxide, methane, lactate, and
SCFAs - predominantly acetate, propionate,
and butyrate.® One product of fermentation,
butyrate, is particularly interesting as it has been
found to slow proliferation and promote
expression of phenotypic markers of differen-
tiation in the large bowel cancer cell line
LIMI1215° and a range of other such lines."
Thus, one explanation for the variable effects of
fibre on development of bowel cancer' relates to
the variable fermentability of different fibres"
and in turn to subsequent variation in the
amounts of butyrate to which developing neo-
plasms are exposed. Recent findings in our
laboratory have indicated that highly fermentable
fibre (for example, guar gum) does not ensure
high levels of butyrate in the distal large bowel
where tumours are most common.” Thus, a
study of the impact of fermentative production
of butyrate from dietary fibres on tumour
development should include an evaluation of
butyrate concentrations in the luminal contents
of different regions of the large bowel.

The aim of this study was to relate the effects
of three types of dietary fibre on fermentative
production of butyrate in the distal colon to their
effects on tumour mass in a rat model of bowel
cancer. Guar gum was chosen because of its
known solubility and high fermentability in the
rat,*" while wheat bran was selected because of
its relatively low fermentability.”* Oat bran was
selected as the third fibre because of the topical
interest of this product, its effects on cholesterol
metabolism, and because it is generally con-
sidered to be well fermented.'*"* The effects of
these fibres on the luminal environment,
including pH, SCFA concentrations, and
bacterial metabolising enzymes, were related to
tumour mass in individual rats by regression
analysis.

Methods

PROTOCOL

Sixty four, week old, male Sprague-Dawley rats
(60-100 g) were randomly divided into four
groups of 15 and housed, three to a cage, in
dropped-bottom wire cages to minimise copro-
phagy and completely prevent consumption of
bedding, which was 2 cm below the wire bottom.
Each of the four groups had free access to water
and one of the four diets. Diets were made up
from plain white wheat flour (Water Wheel
Flour Mill, Bridge Water, Victoria, Australia),
skimmed milk powder (Drouin Cooperative,
Victoria), butter (Western Star Pty Ltd,
Melbourne, Victoria) unprocessed wheat bran
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(38% fibre by analysis by Purina Health Foods
Co, Melbourne, Victoria), oat bran (26% fibre by
analysis by Anchor Foods Pty Ltd, Footscray,
Victoria) and/or guar gum (Vitality Products Pty
Ltd, Melbourne, Victoria). The diets were
standardised so that protein, carbohydrate, and
fat provided approximately 20%, 60%, and 20%
of the energy content respectively. A standard
vitamin mix (Colborn Dawes, Australia Pty Ltd)
and mineral mix as per the standard AIN-76
diet” were added to the diets.

The ‘basic’ diet contained no added fibre
(normally 5 or 10% pure cellulose in the AIN-76
diet); while the guar gum, oat bran, and wheat
bran diets had sufficient fibre added to give a
nominal 10% fibre (w:w), wheat flour was
adjusted accordingly to keep the carbohydrate
content constant. The actual fibre content
(soluble and insoluble) of each diet was measured
by the Australian Government Analytical
Laboratories (Melbourne, Victoria, Australia)
using the enzymatic method described by the
Association of Official Analytical Chemists.”
Diets were extracted with water to allow deter-
mination of the ‘soluble’ and ‘insoluble’ fibre
contents. Fibre contents, as a proportion of dry
weight were as follows: basic (3-1%-57%
soluble), guar gum (12:9%-85% soluble), oat
bran (11-3%-51%), wheat bran (11-6%-24%).
These differed from nominal amounts added
because of the moisture content of the various
constituents from which the diets were made.
Complete analysis of the diets, and in vivo
fermentability of the fibres, has previously been
reported in detail.” A nominal fibre content of
10% in the rat diets was chosen as this approxi-
mates a relatively high fibre intake in humans
using calculations based on recommended
energy intakes from the Department of Health
and Social Security UK.? A woman aged 18-54
years requiring 9 MJ of energy per day would
consume approximately 50 g protein, 300 g
carbohydrate, and 70 g fat. A 10% fibre content
would correspond to approximately 40 g fibre
per day, which is a little above the measured
range of 8-32 g per day in a British population.?

Rats were injected subcutaneously with 30
pg/g body weight of 1,2-dimethylhydrazine
(Sigma Chemical Co, St Louis, MO, USA) once
a week for 10 weeks, beginning 3 weeks after
starting the diet. The protocol was approved by
the Campus Animal Ethics Committee and the
Board of Medical Research of The Royal
Melbourne Hospital.

TABLE1 Body weight, caecal and faecal weight, and pH of caecal contents and faeces of rats
on the four diets (values mean (SEM))

Diet

Basic Guar Oat bran Wheat bran
Body weight at sacrifice (g) 527 (11) 509 (14) 523(17) 532(18)
Caecal weight at sacrifice (g)* 1-09(0-11)  1-52(0-09) 1-12(0-06) 1-27 (0-15)
24 hour faecal weight before sacrifice (g)1 1:95(0-10) 4-52(0-44) 2-03(0-19) 4-27(0-19)
pH of caecal contentst 6:2(0-2) 6:0(0-2) 6-1(0-1) 6-1(0-2)
pH of faeces before sacrifice§ 7-0(0-1) 66 (0-2) 6:6(0-2) 6-2(0-2)

* Diet significantly influenced caecal weight (p=0-02, analysis of variance). Only for guar was the
value significantly higher than basic (p=0-016). 1 Diet significantly affected 24 hour faecal weight
(p=0-0000001, analysis of variance). Significant intergroup comparisons were: basic diet v guar or
wheat bran, p<<0-00001; oat bran v wheat bran or guar, p<0-0001. f Diet did not significantly affect caecal
pH. Diet significantly affected faecal pH (p=0-008, analysis of variance). Significant intergroup
comparisons were: wheat bran v basic diet, p=0-0015; Other comparisons, p>0-1
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FAECAL SAMPLES

Freshly passed faeces were collected from each
rat before sacrifice and the pH measured within
1 minute of stool collection using a glass
body combination, protein resisting electrode
(Activon RU341) inserted into the stool. The
recording tip was 4-5 mm in largest dimension
and was totally embedded in the stool being
measured. The coefficient of variation for 10
measures taken from a single stool was 4:0%.
Another stool sample of known weight was
immediately covered with ice cold saline of
known volume in a screw capped vial, which was
filled and tightly closed to avoid formation of any
dead space. This was frozen at —20°C for later
SCFA and enzyme analysis. SCFAs remained
stable under the conditions of storage. Average
faecal wet weight/rat/24 hours was measured for
each diet by collecting all faecal matter, separate
from urine, from cages over three serial 24 hour
periods in the week before sacrifice. Each cage
contained two or three rats.

CAECAL CONTENTS

Twenty weeks after the last dimethylhydrazine
injection, rats were Kkilled by carbon dioxide
narcosis, the peritoneal cavity was rapidly
opened, and the caecum was removed. The pH
of its contents was measured as above and a
sample of contents stored as for faeces.

TUMOURS

The colon was removed, flushed with ice cold
saline, and cut open. The presence or absence of
tumours was noted as was their relative position
— that is, either in the proximal or distal colon.
The tumour size was measured in two dimensions
(at an angle of 90°) and a tumour size index (mm?)
as a measure of mass was calculated for each rat
by multiplying these. Eleven rats either died or
were killed before the end of the 30 week
experimental period. All of these rats had bowel
tumours and the most common cause of death
was bowel obstruction by tumour. Of these rats,
four were on the basic diet, one on guar, five on
oat bran, and one on wheat bran. With the
exception of four rats (one on basic diet, two oat
bran, one wheat bran), data on tumour incidence
and size was included in the analyses, but data
were not available for measures of caecal
contents. Macroscopic tumours were fixed in
10% buffered formalin, embedded in paraffin
sections. (3-5 pm) were cut and stained with
haematoxylin and eosin. Tumours were classi-
fied as benign or malignant according to whether
the basement membrane had been invaded?;
only malignant tumours were considered for the
analyses.

SCFA

Details of our application of the previously
described method”? have recently been
reported.” Briefly, an aliquot of thawed and
vortex mixed sample (600 pl for faeces, 300 ul
for caecal contents) was added to 300 ul ether, 60
pl 50% H,SO,, and 0-35 g NaCl in a capped
tube. After gentle mixing for 2 minutes and
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Figure 1: The effect of diet
on concentrations of the three
principal short chain fatty
acids, acetate (A),
propionate (B) and butyrate
(C), in caecal contents.
Values, mean (SEM). (See
Table I for interdiet
comparisons).
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centrifugation at 14 000 rpm for 5 minutes, a 5 pl
aliquot of the top ether phase was injected into a
gas chromatograph (Perkin-Elmer 3920) (column
temperature 170°C). A standard SCFA mixture
containing acetate, propionate, isobutyrate, and
butyrate was used for calculation of the SCFA
concentrations and the results are presented as
umol/g of wet faeces or wet caecal content. The

- intraexperimental coefficient of variation of a

standard sample repeatedly measured (n=10) for
butyrate was 9%. Extraction of butyrate into the
ether phase was >95%.

STATISTICAL ANALYSES
All comparisons were made using either a 7 test
(unpaired, pooled estimate of variance)
(Microstat release 4-1 computer program,
Ecosoft Inc, Indianopolis USA), or analysis of
variance when multiple variables were being
evaluated (Complete Statistical Systems, CSS,
StatSoft, 1988); in the analyses of variance,
significance of intergroup comparisons were
made using the ‘planned comparisons option’ of
CSS. Tumour numbers were not normally
distributed and were compared using the
Wilcoxon rank sum test (Microstat). Tumour
size indices were normally distributed. The
criterion taken for significance was p<0-05.
Stepwise multiple region regression was per-
formed using Microstat.

Preliminary studies had indicated that the size
chosen for the groups had sufficient power to
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detect the differences in tumour burden that
were observed. Furthermore, examination of the
relationship between butyrate (and other
measures) and tumour development by regres-
sion analysis used data from each animal regard-
less of dietary group — thus, we were able to avoid
use of large numbers of animals.

Results

RAT BODY WEIGHT

All dietary groups gained weight at similar rates
over the 30 week experimental period (Table I).
By analysis of variance, there was no significant
effect of diet on body weight.

FAECAL CHARACTERISTICS

The guar and wheat bran diets produced sub-
stantially and significantly higher faecal outputs
than the basic and oat bran diets just before
sacrifice (Table I). With oat bran and basic diets,
stools were firm, with wheat bran stools were
soft, while with guar gum, stools were semi-
formed.

PH

Table I shows caecal and faecal pH values for
each of the four diets. Analysis of variance
showed that diet did affect faecal pH; this was
solely attributable to differences (that is, lower
pH) in wheat bran compared with all other diets.
The pH of the caecal contents did not differ
significantly between diets.

SCFA

Caecal contents

The effects of diet on the concentrations of
individual caecal SCFAs are shown in Figure
1A-C and the statistical analyses in Table II. By
analysis of variance, diet significantly affected
acetate (p=0-0004), propionate (p=0-019), and
butyrate (p=0-0017) concentrations; while
concentrations tended to be higher in fibre fed
animals, this was not invariably so.

Faeces
The effects of diet on concentrations of individual

TABLE I Table of p values for interdiet comparisons of
caecal SCFAs
Diet Guar Oat Wheat
Acetate:
Basic 0-776 0-934 0-018
Guar - 0-760 0-052
Oat - - 0-015
Analysis of variance: diet, p=0-043 (SS=48668, DF =3, F=2-942)
Propionate:
Basic 0-597 0-494 0-232
Guar - 0-828 0-475
Oat - 0-612

Analysis of variance: diet, p=0-690 (§S=674, DF=3, F=0-499)
Butyrate:
0-066 0-680
- 0-022

Basic

Guar

Oat - - 0-344
Analysis of variance: diet, p=0-110 (§S=1544, DF=3, F=2-132)

0-612
0-178
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Figure 2: The effect of diet
on concentrations of the three
principal short chain fatty
acids, acetate (A),
propionate (B) and butyrate
(C), in fresh faeces. Values,
mean (SEM). (See Table
1T for interdiet
comparisons).
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faecal SCFAs are shown in Figure 2A-C and the
statistical analyses in Table III. Only wheat bran
caused an increase in individual faecal SCFA
concentrations compared with all other diets.
Diet significantly affected concentrations of
acetate (p=0-00001), propionate (p=0-010), and
butyrate (p=0-00005). As faecal SCFA concen-
trations reflect those in the distal colon,” this
means that wheat bran maintained relatively
high butyrate values along the length of the colon
compared with other diets.

TABLE 111 Table of p values for interdiet comparisons of
faecal SCFAs
Diet Guar Oat Wheat
Acetate:
Basic 0-370 0-340 0-005
Guar - 0-90 0-045
QOat - - 0-041
Analysis of variance: diet, p=0-035 (SS=1942, DF=3, F=3:151)
Propionate:
Basic 0-808 0-069 0-050
Guar - 0-38 0-026
Oat - - 0-90
Analysis of variance: diet, p=0-047 (SS=772, DF=3, F=2-880)
Butyrate:
Basic 0-760 0-205 0-017
Guar - 0-357 0-042

Oat - - 0-022
Analysis of variance: diet, p=0-046 (SS=832, DF=3, F=2-459)
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TUMOUR INCIDENCE

Rats fed the wheat bran diet had significantly
fewer malignant tumours than those fed oat bran
or guar gum (Table IV). All rats developed at
least one large bowel tumour. The proportions of
tumours found in the proximal colon were as
follows: basic diet — 35%, guar — 31%, oat bran —
33%, and wheat bran — 36%. Tumour size
indices (a measure of total tumour mass) for the
four diets are also shown in Table IV. The
relative differences between diets were as for the
tumour numbers, although none of the dif-
ferences reached significance. Rats on the basic
diet had an intermediate tumour burden when
comparing either parameter of tumour develop-
ment with that in any of the other diets (Table
V).

RELATIONSHIP BETWEEN TUMOUR DEVELOPMENT

AND LUMINAL EVENTS

Univariate analysis and stepwise multiple
regression were used to determine the relation-
ship between the tumour size index (as the
dependent variable) and luminal parameters of
fermentation. In the univariate analysis, there
was a significant negative correlation between
butyrate and tumour size index (Table V); no
other relationships were significant. In other
words, the higher the butyrate concentration the
lower the tumour mass. The regression model,
which uses data for each rat as a single set and so
relates measured parameters to tumour mass
regardless of experimental group and hence diet
(Table V), showed there to be two independent
predictors of the index: butyrate having a nega-
tive relationship (p=0-017) and propionate
having a positive relationship (p=0-03). The
regression model accounted for 32% of the
variance, in other words, these parameters of
fermentation were not the sole determinants of
tumour mass.

The butyrate concentrations did not show a
significant correlation with pH or propionate
concentrations. No significant relationships
were seen between caecal parameters and tumour
size index (data not shown).

Discussion

This study confirms the complexity of the effects
of fermentable fibre on the luminal environ-
ment. Each fibre had different effects on stool
bulk and consistency, pH, and absolute and

TABLEV  Multiple regression analysis of luminal parameters
and tumour burden (tumour size index)

TABLE IV Effects of diets on tumour development

No of tumours per rat

(median interquartile Tumour size index
Diet No range) p* (mean (SEM)) P
Basic 13 3(24) 0-24 0-47 (0-15*) 0-139
Guar 14 4-5(2-6) 0-036 0-89 (0-44) 0-19
Qat bran 12 3-5(3-6) 0-05 064 (0-16) 0-22
Wheat bran 13 3(2-3-75) - 0-27 (0-06) -

* From comparison with wheat bran diet (using Wilcoxon rank sum test for tumour number and ¢ test
on log transformed data for tumour size index).

Univariate analysis r* P
Luminal variable:
Butyrate —0-411 0-01
H 0-240 >0-5
Propionate 0-218 >0-25
Acetate 0-033 >0-8
Multivariate analysis
Best model:

Tumour size index= —2-42-0-013[butyrate]+
0-016[propionate]+0-209 (pH)
r’=0-316, multiple r=0-560, F ratio=4-42, p=0-011
Regression coefficients (SEM):

Butyrate —0-013 (0-005) p=0-017
Propionate 0-016 (0-007) p=0-030
pH 0-209 (0-125) p=0-106

*Versus tumour size index.
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relative amounts of the SCFAs. While the rate of
production of SCFAs might not be accurately
reflected in SCFA concentrations in luminal
contents, the data confirm the earlier obser-
vation”® that fermentation of wheat bran
continues in the distal colon, while fermentation
of oat bran and guar gum does not.

Cancers are known to be more common in the
distal large bowel** and rarely occur in the
caecum in the rat dimethylhydrazine model. We
therefore reasoned that if butyrate were an
important protective substance, diets that raised
distal colonic or faecal butyrate ought to be more
protective than those which did not. In the
present study, two types of findings confirmed
this. If the results are considered in terms of
dietary group, wheat bran fed rats had the lowest
tumour number and mass and did not have the
falling caeco-faecal gradient in butyrate con-
centration seen with the other diets. Admittedly,
rats in the ‘no added fibre’ (or basic) group had
low butyrate concentrations and a relatively low
tumour occurence rate, but when fermentation
and tumour mass were related using regression
analysis (which uses data from each rat regard-
less of diet) there was a significant (and negative)
relationship with the butyrate concentration.
Interestingly, propionate was a significant
covariate — but in the opposite direction. This is
consistent with the observation that wheat bran
gave the highest molar ratios (deducible from Fig
2) for faecal butyrate — that is butyrate rose but
propionate fell. Combining these observations
with the evidence for a direct suppressing action
of butyrate on colon cancer cell proliferation in
vitro,”"® it seems likely that butyrate itself
suppresses tumour growth rather than some
other undefined phenomenon associated with
fermentative production of butyrate.

Fibres vary in their fermentability. While
fibres in the diet are not chemically pure - for
example, wheat bran consists of cellulose,
hemicellulose, and lignins? — dietary fibres can
be broadly classified according to their ferment-
ability. Fibres in the highly fermentable group
include guar gum (almost pure galactomannan)
and pectin; these are soluble fibres that are well
fermented in the rat intestine.™" QOat bran is
considered to be well fermented in the rat; it is
fairly rich in beta-glucan and poor in cellulose
and lignin and has a poor bulking effect in the rat
compared with poorly fermented fibres such as
wheat bran.””*? The slowly fermentable group
includes most wheat brans and the poorly
fermentable group includes the purified
celluloses (especially of wood origin) and lignin. ™

Butyrate is an important energy source for
normal colonocytes® as it is metabolised in
preference to glucose and other substrates. It is
of particular interest as it brings about a concen-
tration-dependent slowing of the rate of cancer
cell proliferation in vitro,”" at concentrations
consistent with those encountered in the colon.
Furthermore, it promotes in vitro expression of a
differentiated phenotype in these cells. Alkaline
phosphatase and dipeptidylpeptidase-IV, both
markers of colonocyte differentiation, are
increased during culture of LIM215 cells in the
presence of butyrate.’ This differentiative effect
might be a key protective mechanism.
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Two studies have set out to examine the effect
of butyrate on tumour development®* using
non-fibre methodologies to change colonic
butyrate concentrations. Freeman” fed butyrate
in drinking water and saw no protective effect.
While raised colonic butyrate levels were
observed they also noted that colonic isobutyrate
(which originates from amino acid fermentation)
levels were very high and that ileal butyrate was
negligible. Thus, the mechanism for raised
colonic butyrate in their study was not clear, the
fermentation events were different from those
seen in our study, and they did not examine
butyrate levels in the distal colon or faeces.
Deschner et al* fed tributyrin - this had no
significant effect on tumourigenesis but they did
not examine distal butyrate levels either. Neither
of these studies achieved the high distal colonic
butyrate concentrations seen in our study.

Various human studies, particularly case-
control studies,” have attempted to relate the
type of dietary fibre to cancer. The conclusions
reached have often been conflicting and of
uncertain relevance.® In attempts to evaluate
specific fibres in a more definitive fashion, the
protective effects of various fibres have been
studied in animal models. Most of these studies
have used the rat and the carcinogen, 1,2-
demethylhydrazine or its metabolic equivalent
azoxymethane, but none has attempted to
measure concurrently variables related to fer-
mentation in the distal luminal environment in
an attempt to explain why certain fibres are
protective. Most of these studies have been
summarised in two reviews." " What has been
apparent is that highly fermentable fibres are less
protective than less fermentable fibres. Our
study confirms this generalisation and suggests a
mechanism responsible for the effect, namely
that less well fermented fibres result in coninued
production of butyrate along the length of the
large bowel. Rapidly fermented fibres could
be completely broken down, leaving no sub-
strate for fermentation in the distal colon.
Alternatively, the more rapid transit of wheat
bran compared with oat bran in the rat colon' "
might explain the difference in luminal butyrate
levels.

The results in the animal model seem likely to
be relevant to humans. There are parallels in the
effect of dietary fibre; for instance, wheat bran
when consumed throughout the initiation and
promotion phases suppresses 1,2-dimethyl-
hydrazine induced tumourigenesis and
suppresses adenoma recurrence when given to
patients with familial adenomatous polyposis.*
Also, the generalisation that insoluble grain fibre
is more protective than soluble fibre in the rat
model is confirmed by a detailed case-control
study in humans where fibre type was carefully
documented.” As pointed out in the methods
section, the amount of fibre fed to the rats
approximates the upper level of consumption in
a British population.

Of the other luminal variables considered,
neither pH, acetate, faecal bulk, nor consistency
seemed related to risk of developing tumours.
Guar and wheat bran produced the largest stools,
yet tumour frequency and bulk were quite
different for the two fibres. This argues against
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fibre having a protective role simply by dilution
of luminal carcinogens, although the present
study does not take into account the differences
in faecal water content encountered with these
fibres."”

This study shows that a dietary fibre which
maintains butyrate concentrations along the
large bowel can reduce tumour mass. The
presence of fermentable fibre in the distal colon
and the resultant production of butyrate in that
region seems of great significance than the
production of other SCFAs, pH, stool bulk, or
stool consistency. Butyrate has the potential to
modulate gene expression directly,” and its
production at the site of tumour formation may
be a significant protective mechanism for certain
dietary fibres.

This work has been supported by the Anti-Cancer Council of
Victoria and the National Health and Medical Research Council of
Australia. We wish to thank Pamela Lukaszewski for secretarial
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